DNA is constantly exposed to chemical and environmental mutagens, causing lesions that can stall replication. In order to deal with DNA damage and other stresses, Escherichia coli utilizes the SOS response, which regulates the expression of at least 57 genes, including umuDC. The gene products of umuDC, UmuC and the cleaved form of UmuD, UmuD, form the specialized E. coli Y-family DNA polymerase UmuD 2 C, or polymerase V (Pol V). Y-family DNA polymerases are characterized by their specialized ability to copy damaged DNA in a process known as translesion synthesis (TLS) and by their low fidelity on undamaged DNA templates. Y-family polymerases exhibit various specificities for different types of DNA damage. Pol V carries out TLS to bypass abasic sites and thymine-thymine dimers resulting from UV radiation. Using alanine-scanning mutagenesis, we probed the roles of two active-site loops composed of residues 31 to 38 and 50 to 54 in Pol V activity by assaying the function of single-alanine variants in UV-induced mutagenesis and for their ability to confer resistance to UV radiation. We find that mutations of the N-terminal residues of loop 1, N32, N33, and D34, confer hypersensitivity to UV radiation and to 4-nitroquinoline-N-oxide and significantly reduce Pol V-dependent UV-induced mutagenesis. Furthermore, mutating residues 32, 33, or 34 diminishes Pol V-dependent inhibition of recombination, suggesting that these mutations may disrupt an interaction of UmuC with RecA, which could also contribute to the UV hypersensitivity of cells expressing these variants.
bypasses abasic sites by inserting dA, following the "A" rule (36, 57, 72, 77, 78) . Opposite C 8 -dG-acetylaminofluorine, Pol V inserts dA (3, 23, 24) ; Pol V bypasses N 2 -benzo[a]pyrene-dG with relative inaccuracy, while it bypasses N 6 -benzo[a]pyrene-dA fairly accurately (37, 63, 83) .
In this work, we sought to identify residues of UmuC that contribute to lesion bypass and, more specifically, to UV-induced mutagenesis. We hypothesized that two loops of UmuC interact with template DNA as well as with the incoming nucleotide and therefore are likely to contribute to mutagenesis. We show here that the N-terminal residues of loop 1, residues 31 to 34, play a significant role in cell survival in response to UV radiation. We also show that loop 2 does not play as significant a role in conferring survival or in UV-induced mutagenesis. Furthermore, we show that the mutation of each of the three UmuC loop 1 residues 32 to 34 to alanine results in less inhibition of recombination than that in wild-type UmuC, which could indicate the disruption of an interaction between Pol V and RecA and therefore could explain the ability of these variants to confer UV hypersensitivity.
MATERIALS AND METHODS
Plasmids and strains. Low-copy-number plasmid pGY9738 carries the synthetic umuDЈC operon and encodes resistance to spectinomycin (60 g/ml). Strains used (Table 1) were grown in Luria broth at 37°C unless otherwise noted. Competent cells were made by using the CaCl 2 method (59) . Transformations were performed as described previously (7) . Variants of pGY9738 were made with QuikChange or QuikChange Lightning site-directed mutagenesis kits (Agilent Technologies). ␤-Binding sites are defined as ␤ 2 (6) . The presence of the mutations was confirmed by DNA sequencing (Massachusetts General Hospital DNA Core Facility, Cambridge, MA).
UV survival and mutagenesis assays. UV survival and mutagenesis assays were performed as described previously (7, 65) . Variants were exposed to 25 J/m 2 254-nm UV radiation unless otherwise noted for mutagenesis assays. Each point shown represents the average of at least three trials, and the error bars indicate the standard deviation.
NFZ and 4-NQO survival assays. Strains harboring alanine variants of the N-terminal loop 1 residues (residues 32 to 34) were exposed to increasing concentrations of nitrofurazone (NFZ; 5-nitro-2-furaldehyde semicarbazone; TCI America) and 4-nitroquinoline-N-oxide (4-NQO; Acros Organics), as described previously (7, 65) . Stock solutions (10 mg/ml) were freshly prepared in N,N-dimethyl formamide (Fisher Scientific) and protected from light. Serial dilutions of overnight cultures were plated on LB agar plates containing 60 g/ml spectinomycin and the indicated amount of either NFZ or 4-NQO, and the plates were incubated at 37°C for 20 to 24 h. Each point shown represents the average of at least three trials, and the error bars indicate the standard deviation.
Immunoblotting. Western blotting was performed as described previously (65) . Strains harboring variants of the N-terminal loop 1 residues 31 to 34 (alanine or conservative mutations) were exposed to 10 J/m 2 UV radiation, while all others were exposed to 25 J/m 2 UV radiation. Proteins were resolved by 14% SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The membrane was blocked overnight in 5% milk in 1ϫ Tris-buffered saline (TBS)-Tween buffer (20 mM Tris-HCl, pH 7.6, 137 mM NaCl, 1% Tween 20). The membrane was then probed with anti-UmuC (6) in 2.5% milk with 0.5ϫ TBS-Tween buffer and washed for 2 min and then 3 times for 10 min each time with 1ϫ TBS-Tween buffer. The membrane was probed with horseradish peroxidase-conjugated goat anti-rabbit antibody (Pierce) in 2.5% milk with 0.5ϫ TBS-Tween buffer, developed with SuperSignal chemiluminescence reagent (Pierce), and exposed to film, which was subsequently developed with a Kodak photoprocessor.
Genetic transduction. Strains used (Table 1) were grown in Luria broth at 37°C overnight. Cultures were centrifuged at 1,500 ϫ g for 10 min and resuspended in 2.5 ml of a solution containing 10 mM MgSO 4 and 5 mM CaCl 2 , and the suspension was transferred to glass test tubes. Recipient cells (100 l) harboring each variant were incubated at 30°C for 30 min with 50 l bacteriophage P1vir ⌬yeaB (Kan r ). As controls, 100 l of recipient cells was incubated without P1vir ⌬yeaB and 100 l of P1vir ⌬yeaB was incubated without recipient cells. After incubation, 100 l of 1 M sodium citrate and 400 l of Luria broth were added to each test tube, and cells recovered for 2 h at 30°C with no shaking. Reaction mixtures were centrifuged at 3,800 ϫ g for 5 min and resuspended in 200 l of Luria broth. A 100-l aliquot of each reaction mixture was plated on selective medium (spectinomycin, 60 g/ml; kanamycin, 30 g/ml) and incubated at 30°C for 20 to 22 h. Phage titer was determined as described previously (45) , except that 10-l aliquots of serial dilutions of phage P1 were plated onto bacteria in top agar.
RESULTS
Identification of UmuC active-site loops. We identified UmuC loops 1 and 2 through modeling and homology searches (Fig. 1 ). The homology model of UmuC is based upon the crystal structure of Dpo4 since there is currently no crystal structure of UmuC (6) . UmuC loops 1 and 2 are predicted to be near the active site of the polymerase and are hypothesized to play a role in DNA template binding and alignment, as well as in interactions with the incoming nucleotide. We defined loop 1 as residues 31 to 38 and loop 2 as residues 50 to 54. For comparison, the sequences of some other Y-family DNA polymerases are also shown, including E. coli DinB, Sulfolobus solfataricus Dpo4, human Pol , human Pol , and Saccharomyces cerevisiae Rev1 (Fig. 1) . Loop 1 is highly conserved among UmuC sequences but not within the entire Y family of polymerases, while loop 2 is more variable.
Variants in the N-terminal region of loop 1 cause hypersensitivity to UV radiation. Alanine-scanning mutagenesis was used to determine the extent to which mutating the residues of loop 1 (S31 to I38) contributes to the ability of UmuC to facilitate UV-induced mutagenesis in vivo. We first characterized the alanine variants of UmuC N32, N33, and D34 for UV-induced mutagenesis, which is a prominent phenotype of UmuC. Variants of UmuC expressed in the GW8017 (⌬umuDC) strain do not normally cause sensitivity to UV. Moreover, cells in which the umuDC genes have been deleted are only modestly sensitive to UV (8, 50) . However, UmuC with alanine mutations at residues 32 to 34 causes significantly greater sensitivity to UV radiation than wild-type UmuC ( Fig.  2A) . Strains harboring either UmuC N33A or D34A variants are substantially more sensitive to UV than strains without UmuC.
We made conservative substitutions of N32, N33, and D34 by changing N32 or N33 to Gln or D34 to Glu. These substitutions increase the length of the side chain at these positions by one methylene (CH 2 ) group while maintaining similar chemical characteristics of the side chain functional groups. We also mutated N32 or N33 to Asp or D34 to Asn to test the effects of altering the charge of the side chains on the ability of UmuC to contribute to UV survival. Each conservative substitution caused significantly greater UV sensitivity in a ⌬umuDC strain than wild-type UmuC (Fig. 2B) . Therefore, these residues may play an important role in the ability of UmuC to bypass UV-induced lesions in DNA, supporting the conjecture that these residues are involved in binding the DNA substrate, since altering these residues even in a conservative manner causes extreme sensitivity of the cells harboring these mutations to UV light. We determined the steady-state expression levels of the UmuC variants to rule out the possibility that the decrease in survival of cells expressing these variants was due to a change in protein levels. Western blots showed that steady-state expression levels for each variant were similar to that of wild-type UmuC (Fig. 2C) . Therefore, the effects noted above are not due to altered expression levels of the UmuC variants. It should be noted that LexA is able to repress umuDC expression in this context; SOS induction causes an approximately 2-fold increase in umuDC expression compared to levels in uninduced cells (71) .
Given the extreme sensitivity to UV light conferred by (6) . UmuC loop 1 (residues 31 to 38) is shown in red, and loop 2 (residues 50 to 54) is shown in blue. UmuC residues N32 (black), N33 (green), and D34 (purple) are predicted to determine the gap size that dictates which lesions can fit into the active site (13, 14, 62) . The backbone of UmuC is shown in yellow. DNA is rendered as sticks and colored by atom identity. The illustration was prepared using the VMD package (28) . (B) Amino acid sequences of representative Y-family polymerases showing conserved residues aligned with loop 1 (residues 31 to 38, red box) and loop 2 (residues 50 to 54, blue box). Secondary structure based on the crystal structure of Dpo4 is shown above the alignment (11, 39 [EV] ; }), pGY9738-N32A (umuDЈC N32A; ϫ), pGY9738-N33A (umuDЈC N33A; छ), and pGY9738-D34A (umuDЈC D34A; E). (B) Conservative mutations of N32, N33, and D34 conferred hypersensitivity to UV radiation. Assays were performed with the pGY9738 plasmid and the following derivatives in GW8017: pGY9738 (umuDЈC, wild type; f), pGB2 (empty vector; }), pGY9738-D34N (umuDЈC D34N; OE), pGY9738-D34E (umuDЈC D34E; ϫ), pGY9738-N32Q (umuDЈC N32Q; F), pGY9738-N33Q (umuDЈC N33Q; ‚), pGY9738-N33D (umuDЈC N33D; ϩ), and pGY9738-N32D (umuDЈC N32D; Ⅺ). (C) Immunoblot showing steady-state levels of UmuC variants expressed from plasmids encoding the umuDЈC genes in GW8017. The wild-type plasmid was pGY9738, and the empty vector was pGB2. Xreact, cross-reaction.
UmuC variants with substitutions at residues 32, 33, and 34, we examined the effect of UV radiation on cells expressing these UmuC variants in the AB1157 strain (umuDC ϩ ) to determine whether these variants caused sensitivity to UV radiation even in a strain with a chromosomal copy of umuDC. UmuC variants with either alanine or more conservative substitutions at positions 32, 33, and 34 conferred extreme sensitivity to UV radiation in comparison to wild-type UmuC or to the empty vector ( Fig. 3A and B) . The argE3 reversion frequency of wild-type umuDC ϩ strains expressing UmuC variants containing single alanine substitutions at positions 32, 33, and 34 was determined by exposure to 5 J/m 2 UV radiation. Cells expressing the UmuC variants showed a significant decrease in mutation frequency compared to cells expressing wild-type UmuC (Fig. 3C ). We previously observed that plasmid-borne umuC can suppress the extreme sensitivity to UV that is characteristic of strains in which both umuC and recJ have been deleted (19, 48) . RecJ helps to partially degrade DNA at replication forks that are stalled due to lesions to help aid in restart of DNA replication. Without RecJ, replication is delayed, and recovery of DNA synthesis relies on TLS specifically by Pol V to bypass UV-induced lesions (19) . However, changing UmuC N32, N33, and D34 to alanine conferred sensitivity to UV radiation on the cells harboring plasmids expressing these variants and therefore failed to complement the ⌬umuC ⌬recJ strain in comparison to cells expressing wild-type UmuC ( Fig. 4A to C). Conservative mutations of N32, N33, and D34 also conferred hypersensitivity to UV radiation in this strain ( Fig. 4A to C) . Therefore, these UmuC variants fail to fulfill various cellular functions of UmuC, including induced mutagenesis and complementation of a ⌬umuC ⌬recJ strain, in addition to conferring hypersensitivity on a wild-type strain.
Cells expressing the S31A variant of UmuC exhibit a growth defect, observed in the AB1157, GW8017, and PB102 strains, that was not observed with other variants (data not shown). Cells of the PB102 strain harboring S31A are extremely sensitive to UV radiation (Fig. 4D ). However, we sometimes observed these cells to be resistant to UV, which we attribute to the possible acquisition of suppressor mutations. Because of the apparent instability of strains harboring the S31A variant, we decided not to pursue further characterization of this variant.
N-terminal loop 1 variants confer sensitivity to 4-NQO, and N33A causes sensitivity to NFZ. We wanted to investigate whether the N-terminal loop 1 variants contribute to survival in the presence of other DNA-damaging agents. We assayed survival of the AB1157 (umuDC ϩ ) strain harboring low-copynumber plasmids expressing the UmuC N32A, N33A, and D34A variants in the presence of NFZ and 4-NQO. NFZ is thought to cause N 2 -furfuryl-dG adducts, and strains in which dinB, the gene encoding DNA polymerase IV, is deleted are very sensitive to NFZ (30) . The major adduct formed from 4-NQO is at the N-2 position of guanine; 4-NQO also forms adducts at the C-8 position of dG as well as at the N-6 position of dA (22) . UmuC variants N32A, N33A, and D34A conferred sensitivity to 4-NQO in the umuDC ϩ strain (Fig. 5A ). UmuC variant N33A conferred sensitivity to NFZ, but N32A and D34A did not (Fig. 5B) . It has been observed that NFZ is a relatively weak DNA-damaging agent (49) , which could account for these differences. Nonetheless, mutation of the Nterminal loop 1 residues causes sensitivity to 4-NQO as well as, to some extent, to NFZ.
Deletion of dnaQ or modification of the ␤-binding motifs of UmuC does not alter UV hypersensitivity of N-terminal loop variants. Disrupting dnaQ, which encodes the ε subunit of Pol III, disrupts the proofreading function of Pol III and has been shown to allow Pol III to bypass damaged DNA under some circumstances (40, 53, 79) . To determine whether the proofreading subunit of DNA polymerase III plays a role in the hypersensitivity to UV conferred by N32, N33, and D34 variants, we expressed UmuC N32A, N33A, and D34A in GW2771, GW2771 spq-2, and GW2771 spq-2 dnaQ903 strains ( Table 1) . We compared the effects of the UmuC N-terminal loop variants in GW2771, a wild-type strain, to those in GW2771 spq-2, where spq-2 is an antimutator allele of dnaE (amino acid substitution V832G in DnaE) (38, 67) that suppresses the mutator effect of the disruption of dnaQ, and the isogenic strain in which dnaQ has been disrupted. Whereas N32A caused modest sensitivity to UV in these strains, as in other strains (Fig. 6A) , variants N33A and D34A caused hypersensitivity to UV in all three strains ( Fig. 6B and C) . Therefore, deletion of dnaQ did not suppress the UV hypersensitivity caused by UmuC variants N33A and D34A.
Next, we tested the role of binding to the ␤ processivity clamp in the ability of UmuC mutations N32A, N33A, and D34A to confer UV hypersensitivity. We combined the N32A, N33A, and D34A individual mutations with mutations of both of the known ␤-binding sites of UmuC to alanine. The mutations in the ␤-binding sites of UmuC are designated ␤ 361 . These mutations disrupt the binding of UmuC to the ␤ clamp, and therefore, the resultant UmuC should not be recruited to the replication fork (6, 65) . N32A, N33A, and D34A conferred hypersensitivity to UV radiation when combined with mutations in the ␤-binding motifs in the GW8017 strain (Fig. 6D) , indicating that the UV hypersensitivity is caused by a mechanism that is at least partially independent of binding to the ␤ clamp. When wild-type UmuC is present on the chromosome, as in the case of AB1157, the mutation of the ␤-binding motifs partially suppresses the hypersensitivity conferred by N33A and D34A and almost fully suppresses the moderate sensitivity conferred by N32A (Fig. 6E) . Therefore, disruption of the ␤-binding motifs in this context appears to allow wild-type UmuC to confer resistance to DNA damage, presumably by allowing access of wild-type UmuC to DNA.
Variants in the N-terminal region of loop 1 partially suppress inhibition of RecA-mediated homologous recombination. UmuDЈ and UmuC inhibit RecA-mediated homologous recombination when present at elevated levels, such as in the SOS response, which may be important for regulating RecA and its involvement in cellular processes (10, 56, 68, 70, 74, 76) . UmuC variants N32A, N33A, and D34A were expressed from the respective derivatives of plasmid pGY9738 in a ⌬umuDC strain. Cells were exposed to bacteriophage P1vir ⌬yeaB and plated on selective medium to measure transductants that result from RecA-mediated homologous recombination. We observed that the N32A, N33A, and D34A variants confer intermediate inhibition of homologous recombination compared to wild-type UmuDЈC, which inhibits recombination (Fig. 7A) . VOL. 193, 2011 UV HYPERSENSITIVITY OF UmuC N-TERMINAL LOOP 1 VARIANTS 5403 This suggests that these mutations may disrupt a direct interaction between RecA and UmuC, although other interpretations are possible, such as a disruption of an interaction between Pol V and RecA that is mediated by UmuDЈ 2 . Two residues, K342 and Y270, were previously shown (70) to enhance the inhibition of homologous recombination when mutated to glutamine and cysteine, respectively. These two residues are predicted to be in close proximity to N32, N33, and D34, offering further evidence that this region is important for interactions that modulate recombination (Fig. 7B) . In order to assess the specificity of this effect, we determined the ability of UmuC variants with other mutations to inhibit homologous recombination. Mutants with the UmuC loop 2 G52A and P54A mutations exhibited an inhibition of homologous recombination that is similar to that of the strain with wild-type UmuC (Fig. 7A) . Moreover, the previously studied variant Y11A confers hypersensitivity to UV radiation (65), but we find that the UmuC Y11A variant inhibits homologous recombination to a similar extent as wild-type UmuC. G52, P54, and Y11 are predicted to be located in the interior of the protein and so are unlikely to be available for protein-protein interactions (Fig. 7B ). These observations suggest that N32, N33, and D34 have a specific role in UmuC function both in UV resistance, presumably via DNA binding and TLS, and in modulating homologous recombination.
C-terminal region of loop 1 does not play a significant role in UV survival. Cells expressing UmuC variants at the C terminus of loop 1 (G35A, C36A, V37A, or I38A) have a mutation frequency similar to or greater than that of cells expressing wild-type UmuC; therefore, these variants are proficient for UV-induced mutagenesis (Fig. 8A) . Additionally, UmuC variants G35A, C36A, V37A, and I38A each complement the ⌬umuC ⌬recJ strain as well as the strain with wild-type UmuC for UV resistance (Fig. 8B) . For the cells harboring these variants, there is a good correlation between UVinduced mutagenesis and UV resistance in the ⌬umuC ⌬recJ strain.
The steady-state levels of the loop 1 C-terminal UmuC variants G35A, C36A, V37A, and I38A after exposure to UV radiation were determined by using Western blotting (Fig. 8C) . Each of these variants is present at levels similar to wild-type UmuC. Therefore, the expression levels of UmuC are not altered by the presence of these loop 1 mutations.
Variants in UmuC loop 2 contribute little to UV survival. We also used alanine-scanning mutagenesis to determine the importance of residues in loop 2 (K50 to P54) in UVinduced mutagenesis. Cells expressing these UmuC variants have similar mutation frequencies as cells expressing wildtype UmuC (Fig. 9A) . Each of the loop 2 variants confers UV resistance in a ⌬umuC ⌬recJ strain that is similar to that in cells harboring wild-type UmuC (Fig. 9B ). Of these variants, only cells expressing UmuC D53A are significantly more sensitive to UV radiation than cells expressing wildtype UmuC (Fig. 9B) and exhibit a lower mutation fre- FIG. 3 . N-terminal loop 1 variants 32, 33, and 34 cause hypersensitivity to UV radiation in a wild-type strain. (A) Assays were performed with the pGY9738 plasmid and the following derivatives in AB1157: pGY9738 (umuDЈC wild type; f), pGB2 (empty vector; }), pGY9738-N32A (umuDЈC N32A; ϫ), pGY9738-N33A (umuDЈC N33A; छ), and pGY9738-D34A (umuDЈC D34A; E). (B) Conservative mutations of N32, N33, and D34 conferred hypersensitivity to UV radiation. Assays were performed with the pGY9738 plasmid and the following derivatives in AB1157: pGY9738 (umuDЈC wild type; f), pGB2 (empty vector; }), pGY9738-D34N (umuDЈC D34N; OE), pGY9738-D34E (umuDЈC D34E; ϫ), pGY9738-N32Q (umuDЈC N32Q; F), pGY9738-N33Q (umuDЈC N33Q; ‚), pGY9738-N32D (umuDЈC N32D; Ⅺ), and pGY9738-N33D (umuDЈC N33D; ϩ). (C) UV (5 J/m 2 )-induced mutation frequency of selected variants in plasmid pGY9738 (umuDЈC) in strain AB1157. The wild-type plasmid was pGY9738, and the empty vector was pGB2. Frequencies were as follows: for the empty vector, induced mutant, 2.78 ϫ 10 Ϫ7 ; spontaneous mutants, 2.99 ϫ 10
Ϫ7
; mutation frequency, Ϫ2. 16 (Fig. 9A) . With the exception of D53A, mutating each residue of loop 2 to alanine did not have a significant effect on UmuCdependent UV-induced mutagenesis or UV survival. A Western blot (Fig. 9C) shows that the steady-state expression level of each UmuC variant is similar to that of wildtype UmuC, indicating that the mutations constructed in UmuC do not alter its expression levels.
FIG. 4. UmuC N-terminal loop 1 variants S31, N32, N33
, and D34 confer hypersensitivity to UV radiation in a ⌬umuC ⌬recJ strain. (A) Mutation of N-terminal loop 1 residue N32 causes sensitivity to UV radiation. Assays were performed with pGY9738 plasmid and the following derivatives in PB102 (AB1157 ⌬umuC ⌬recJ): pGY9738 (umuDЈC wild type; f), pGB2 (empty vector; }), pGY9738-N32A (umuDЈC N32A; ϫ), pGY9738-N32Q (umuDЈC N32Q; F), and pGY9738-N32D (umuDЈC N32D; Ⅺ). (B) Mutation of N-terminal loop 1 residue N33 causes hypersensitivity to UV radiation. Assays were performed with pGY9738 plasmid and the following derivatives in PB102: pGY9738 (umuDЈC wild type; f), pGB2 (empty vector; }), pGY9738-N33Q (umuDЈC N33Q; ‚), pGY9738-N33D (umuDЈC N33D; ϩ), and pGY9738-N33A (umuDЈC N33A; छ). (C) Mutation of N-terminal loop 1 residue D34 causes hypersensitivity to UV radiation. Assays were performed with pGY9738 plasmid and the following derivatives in PB102: pGY9738 (umuDЈC wild type; f), pGB2 (empty vector; }), pGY9738-D34E (umuDЈC D34E; ϫ), pGY9738-D34A (umuDЈC D34A; E), and pGY9738-D34N (umuDЈC D34N; OE). 
DISCUSSION
We identified loops 1 and 2 to be likely to harbor residues important for the function of UmuC in mutagenesis. Loop 1, residues 31 to 38, is located just after predicted ␤-sheet 2 in the fingers domain. Loop 2, residues 50 to 54, is located between predicted ␣ helices B and C and is also in the fingers domain (11) . Residue P54 of loop 2 was noted by Boudsocq et al. to be an important conserved residue for hydrophobic core formation (11) . The residues in loop 1, however, are not conserved among the Y-family polymerases (11) but are conserved among UmuC homologs, including those found on plasmids ( Fig. 1) (82) . Considering that these residues are conserved among UmuC homologs but are not conserved among Y-family polymerases, we hypothesized that they may contribute to the specificity of UmuC in TLS. Loop 2 residues are more conserved among Y-family polymerases and less conserved among UmuC homologs (Fig. 1) , suggesting that loop 2 may not play as important a role in lesion bypass specificity. We observed that the N-terminal part of loop 1, residues 32 to 34, plays a significant role in UmuC function. When each of these residues is mutated to alanine, cells harboring the variants are nonmutable (Fig. 3C) . The ability of Pol V to inhibit homologous recombination is also disrupted by mutating residues 32 to 34 (Fig. 7A) , so perturbation of the interaction between Pol V and RecA may partially explain the extreme sensitivity to UV radiation conferred by these variants. On the other hand, mutations of the residues in the C-terminal region of loop 1 and loop 2 do not have as significant an impact on UmuCdependent mutagenesis (Fig. 8 and 9 ).
To date, there is no crystal structure of UmuC, the polymerase subunit of Pol V, so we rely on molecular modeling based on homology to other Y-family polymerases as well as comparisons to polymerases in other families. Y-family polymerases are notable for their lack of a specific ␣ helix, the O helix, found in the active sites of A-family DNA polymerases, that strongly contributes to fidelity (29) . This ␣ helix is positioned such that it interacts with the incoming nucleotide as well as with the template strand base and contributes to the high fidelity of replicative DNA polymerases (2, 34, 54) . Loops   FIG. 6 . Deletion of the proofreading subunit of Pol III (dnaQ) or mutation of ␤ clamp-binding sites of UmuC does not suppress sensitivity to UV radiation caused by mutation of N32, N33, and D34. (A to C) The respective plasmids were assayed in the following strains: GW2771 (ϫ), GW2771 spq-2 (OE), and GW2771 spq-2 dnaQ903 (F). N-terminal loop 1 variants N32A (A), N33A (B), and D34A (C) confer sensitivity to UV radiation, despite the deletion of dnaQ. Assays were performed with derivatives of pGY9738 in the listed strains. (D) The hypersensitivity to UV radiation conferred by variants N32A, N33A, and D34A in GW8017 was not suppressed by the mutation of the ␤-binding motifs of UmuC. (E) The hypersensitivity to UV radiation conferred by UmuC variants N32A, N33A, and D34A in AB1157 was modestly suppressed by the mutation of the ␤-binding motifs of UmuC. (D and E) Assays were performed with plasmid pGY9738 and derivatives in GW8017 (D) and AB1157 (E): pGB2 (empty vector; }), pGY9738 (umuDЈC wild type; f), pGY9738-N32A (umuDЈC N32A; F), pGY9738-N32A␤ 1 ϩ 2 (umuDЈC N32A ␤ 1 ϩ 2 ; Ⅺ), pGY9738-N33A (umuDЈC N33A; छ), pGY9738-N33A ␤ 1 ϩ 2 (umuDЈC N33A ␤ 1 ϩ 2 ; ‚), pGY9738-D34A (umuDЈC D34A; E), and pGY9738-D34A ␤ 1 ϩ 2 (umuDЈC D34A ␤ 1 ϩ 2 ; ϫ).
1 and 2 in UmuC as defined here are in a similar location in UmuC as the O helix is in the A family of DNA polymerases, which suggests a role in fidelity or specificity (Fig. 1) (29) . Chandani and colleagues describe the opening next to the active site of Y-family polymerases as a "chimney" (13, 14) with a cluster of amino acids (UmuC S31, N32, N33) that control the size of the opening and potentially dictate which adducts are bypassed by UmuC. We observed that UmuC variants S31A, N32A, N33A, and D34A fail to complement the UV sensitivity of the ⌬umuC ⌬recJ strain as well as the less sensitive ⌬umuDC strain. Conservative mutations of these residues also failed to complement these strains, suggesting that they are extremely important for UmuC function, perhaps in determining which lesions UmuC bypasses by controlling the size of the active-site opening. However, our observations suggest that the UV sensitivity conferred by mutations of the loop 1 N-terminal residues may not be entirely due to action at the replication fork, as concomitant mutation of the ␤-binding motifs suppresses their UV hypersensitivity only in the presence of wild-type UmuC and not in its absence.
UmuC I38 is a conserved residue that is located above the base of the incoming nucleotide, is next to the opening of the active site, and has been shown to be important for efficient bypass of N 2 -benzo[a]pyrene-dG (14, 62) . The residue neighboring I38, UmuC M51, also contacts the incoming nucleotide in the model, giving rise to the suggestion that these residues may play a significant role in lesion bypass or, more specifically, deoxynucleoside triphosphate (dNTP) insertion. We find that cells (⌬umuC ⌬recJ) harboring plasmids expressing UmuC M51A were only modestly sensitive to UV radiation and were fully proficient for UV-induced mutagenesis (Fig. 9B) , suggesting that M51 may not have a significant role in UV mutagenesis but may still have a role in dNTP insertion (14, 62) . In our experiments, the I38A variant complemented the ⌬umuC ⌬recJ strain and was fully proficient in UV-induced mutagenesis. The differences in these observations could be due to the fact that other studies probed UmuC bypass of adducts of a common metabolite of the carcinogen benzo-[a]-pyrene (14, 62) , while here we are mainly concerned with photoproducts of UV radiation.
Mutating S31 to L results in a UmuC variant that is unable to complement a ⌬umuDC strain in UV mutagenesis (5). S31 is located in the "flue" region of the UmuC protein (14) and predicted to be within 5 Å of the deoxyribose of the template base (5). We observed that strains expressing UmuC S31A had a growth defect and subsequently identified populations of strains expressing UmuC S31A with severe, intermediate, or no growth defects, indicating that this variant acquired suppressor mutations. Strains expressing UmuC S31L did not have this growth defect (5) . The location and behavior of S31A as well as those of S31L suggest that this residue plays an important role in UmuC function and perhaps, more specifically, in template DNA alignment in the active site.
Human DNA Pol , a functional homolog of UmuC, is encoded by the hRAD30A gene, and without it, humans develop the genetic disorder xeroderma pigmentosum variant (XPV), making them 100 times more susceptible to UV radiation-induced skin cancer from exposure to sunlight (18, 26, 32, 44) . Human Pol bypasses T-T CPDs formed from exposure to UV radiation accurately by inserting primarily adenine opposite each T of the CPD (33, 43) . Motif II of human Pol (residues 52 to 73) aligns with the loop 2 region in UmuC (Fig.  1) . The S62G variant is more efficient in bypassing T-T CPDs, 8-oxo-dG, O 4 -methyl-dT, O 6 -methyl-dG, abasic sites, and etheno-dA lesions, as well as in copying undamaged DNA, than is wild-type Pol (26) . A crystal structure of human Pol depicts S62 interacting with the 5Ј base of a T-T CPD (9, 26 (6) . The backbone of UmuC is shown in yellow. UmuC loop 1 (residues 31 to 38) is shown in red, and loop 2 (residues 50 to 54) is shown in blue. UmuC residues N32, N33, and D34 (green) are near previously studied residues K342 and Y270 (purple) in the UmuC model. Previously studied residue Y11, as well as residues G52 and P54 (orange), is shown for comparison. Cells harboring variants Y270C and K342Q show a significant decrease in RecA-mediated homologous recombination. The image was prepared using VMD (28) . VOL. 193, 2011 UV HYPERSENSITIVITY OF UmuC N-TERMINAL LOOP 1 VARIANTS 5407
on July 7, 2017 by guest http://jb.asm.org/ ciency but improved fidelity opposite the T-T CPD lesion (9) . We observed that several variants of UmuC loop 2 (residues 50 to 54) conferred increased mutagenesis on strains harboring those mutations, although these increases were not statistically significant compared to wild-type UmuC. Human Pol loop 1 residue Q38 hydrogen bonds to both thymines of a T-T CPD lesion (9) . Mutating Gln to Ala decreases the efficiency of Pol , causing stalling after the T-T CPD, perhaps due to incorrect base stacking and therefore misalignment with the incoming nucleotide (9) . This interaction with the template base supports the idea that loop 1 residues interact with the nascent base pair in the active site (13, 14) .
There are very few examples of variants of UmuC that confer hypersensitivity to UV radiation as seen here with the N-terminal loop 1 residues 32 to 34. A variant of UmuC with a mutation of the steric gate residue Y11 failed to complement a ⌬umuDC strain for UV-induced mutagenesis, rendered these cells hypersensitive to UV radiation, and was dominant negative (65) . Though the Y11A variant confers similar hypersensitivity to UV radiation as the mutations N32A, N33A, and D34A, its apparent mechanism of action is different from that of the variants reported here. Disruption of the dnaQ gene, which encodes the proofreading subunit of DNA Pol III, almost completely suppressed the UV hypersensitivity of cells expressing UmuC Y11A, while with the variants reported here, disruption of dnaQ had almost no effect on UV sensitivity. Moreover, mutating the ␤ clamp-binding sites of UmuC did not suppress the UV hypersensitivity conferred by N33A and D34A in a ⌬umuDC strain, in striking contrast to our observations with Y11A. By analogy to Dpo4, we hypothesized that the UmuC N-terminal loop 1 residues 31 to 34 interact with the DNA template, and mutating these residues possibly disrupts this interaction. This perturbed interaction with the DNA substrate may cause cells to confer hypersensitivity to UV radiation if the UmuC variants cannot bypass lesions caused by exposure to UV radiation. Because mutating the ␤ clampbinding sites of UmuC along with mutations at residues 32 to 34 did not suppress their hypersensitivity to UV radiation in a ⌬umuDC strain, unlike the previously studied Y11A variant (65) , there is likely an additional factor responsible for the observed UV hypersensitivity.
Even more intriguing is the possibility that a RecA interaction is interrupted by the mutation of N32, N33, or D34 to alanine. UmuC requires RecA for TLS, but the site of interaction on UmuC is not completely elucidated (31, 60, 61) . Our data indicate that mutating N32, N33, or D34 to alanine confers intermediate inhibition of RecA-mediated homologous recombination compared to that of the empty vector and wildtype UmuC (Fig. 7A) . A selection experiment for UmuDЈ and UmuC variants that increased the inhibition of RecA-mediated homologous recombination identified (69) seven UmuC variants: F10L, Y270C, K277E, F287L, F287S, K342Q, and F351I. We mapped these residues on a model of UmuC (Fig.  7B) and observed that N32, N33, and D34 are in close proximity to Y270 and K342, two residues that when mutated were found to enhance the inhibition of RecA-mediated homologous recombination (69) . All five residues (N32, N33, D34, Y270, K342) are located near the incoming template strand of ssDNA, consistent with the idea that inhibition of RecA-me- . (B) C-terminal loop 1 variants do not confer sensitivity to UV radiation. Assays were performed with pGY9738 plasmid and the following derivatives in PB102: pGY9738-C36A (umuDЈC C36A; ϫ), pGY9738 (umuDЈC wild type; f), pGY9738-I38A (umuDЈC I38A; ‚), pGY9738-V37A (umuDЈC V37A; F), pGY9738-G35A (umuDЈC G35A; Ⅺ), and pGB2 (empty vector; }). (C) Immunoblot showing steady-state levels of UmuC expressed from variant umuDC plasmids (GW8017). The wild-type plasmid was pGY9738, and the empty vector was pGB2. diated homologous recombination by UmuDЈ 2 C occurs via a physical interaction of Pol V with RecA (10, 56, (68) (69) (70) . Taken together, these observations suggest that a site of interaction between UmuC and RecA is the location on UmuC where the single-stranded DNA template enters UmuC. Our observations cannot rule out alternative models, however, including a scenario in which UmuDЈ 2 mediates interactions with UmuC and RecA or in which competition for DNA substrates forms the basis of Pol V-induced inhibition of homologous recombination. Disruption of the interaction of Pol V with RecA could lead to the UV sensitivity that we observed, as that interaction is critical for TLS (23, 31, 58, 60, 61) . In sum, we show here that the N terminus of loop 1 plays an essential role in cellular resistance to DNA-damaging agents and facilitates possible interactions with RecA that could be critical for Pol V-mediated UV mutagenesis. 2 )-induced mutation frequency of selected variants in plasmid pGY9738 (umuDЈC) in strain GW8017 (⌬umuDC). The wild-type plasmid was pGY9738, and the empty vector was pGB2. ; spontaneous mutants, 7.22 ϫ 10
Ϫ6
; mutation frequency, 3.05 ϫ 10 Ϫ5 . (B) Loop 2 variants do not confer sensitivity to UV radiation. Assays were performed with pGY9738 plasmid and the following derivatives in PB102: pGY9738-K50A (umuDЈC K50; ϫ), pGY9738 (umuDЈC wild type; f), pGY9738-G52A (umuDЈC G52A; E), pGY9738-M51A (umuDЈC M51A; Ⅺ), pGY9738-P54A (umuDЈC P54A; छ), pGY9738-D53A (umuDЈC D53A; F), and pGB2 (empty vector; }). (C) Immunoblot showing steady-state levels of UmuC expressed from variant umuDC plasmids (GW8017). The wild-type plasmid was pGY9738, and the empty vector was pGB2. 
